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Nanoﬂuids have gained extensive attention due to their role in improving the efﬁciency of thermal
systems. The present study reports a further enhancement in heat transfer coefﬁcients in combination
with structural modiﬁcations of ﬂow systems namely, the addition of tape inserts. Experiments are
undertaken to determine heat transfer coefﬁcients and friction factor of TiO2/water nanoﬂuid up to 3.0%
volume concentration at an average temperature of 30 C. The investigations are undertaken in the
Reynolds number range of 8000e30,000 for ﬂow in tubes and with tapes of different twist ratios. A
signiﬁcant enhancement of 23.2% in the heat transfer coefﬁcients is observed at 1.0% concentration for
ﬂow in a tube. With the use of twisted tapes, the heat transfer coefﬁcient increased with decrease in
twist ratio for water and nanoﬂuid. The heat transfer coefﬁcient and friction factor are respectively 81.1%
and 1.5 times greater at Re ¼ 23,558 with 1.0% concentration and twist ratio of 5, compared to values
with ﬂow of water in a tube. An increase in the nanoﬂuid concentration to 3.0% decreased heat transfer
coefﬁcients to values lower than water for ﬂow in a tube and with tape inserts. A thermal system with
tape insert of twist ratio 15 and 1.0% TiO2 concentration gives maximum advantage ratio, if pressure drop
is considered along with enhancement in heat transfer coefﬁcient.
 2014 Elsevier Masson SAS. All rights reserved.1. Introduction
Traditionally, heat transfer coefﬁcients have been determined
both numerically and experimentally over awide range of Reynolds
and Prandtl numbers involving single phase ﬂuids. The perfor-
mance of thermal equipment operating with ﬂuids such as water,
ethylene glycol and oils, has reached the limit. Various methods for
heat transfer enhancement have been developed over the years
either to provide high heat ﬂux in a limited space or to optimize the
size of the equipment. However, the need for miniaturization of
thermal equipments has shifted the focus to the development of
new high performance ﬂuids with thermal conductivities higher
than those of the conventional liquids. These high performance
ﬂuids can contribute to the evolution of space-saving yet cost
effective thermal equipments with higher competitiveness in the
global market.Azmi), kvsharmajntu@gmail.
ma), rizalman@ump.edu.my
served.Heat transfer enhancements can be achieved through active and
passive methods as suggested by Ahuja [1] and Bergles [2]. Active
heat transfer enhancement is achieved by the application of
external energy on the ﬂuid. Passive enhancement is attained by
increasing the ﬂuid surface area, providing artiﬁcially roughed
surface, introducing swirl ﬂow with twisted tape inserts, convo-
luted or twisted tube, or by the use of additives in liquids and gases.
Of the passive methods, the heat transfer enhancement with
nanoﬂuid is highly encouraging. The nanoﬂuids are prepared by
dispersing high thermal conducing ultraﬁne particles of nanometer
size in base liquids such as water, thereby enhancing the effective
thermal conductivity of the ﬂuid.
Choi and Tran [3] reported studies on heat transfer enhance-
ment undertaken with micron size particles in certain base liquids.
The use of these liquids posed problems like clogging, erosion of
pipe lines and greater power requirements for pumping compared
to base liquid. Further, agglomeration and resettlement of particles
posed a severe maintenance problem. In contrast, experiments
undertaken with nanoﬂuids showed heat transfer augmentation
without any substantial increase in pumping power requirement
and associated practical problems.
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undertaken by Masuda et al. [4] to determine the effect of con-
centration on thermal conductivity. They reported a 30% and 10%
increase in thermal conductivity respectively for Al2O3 and TiO2
nanoﬂuids at 4.0% concentration. However, the thermal conduc-
tivity enhancement was observed to be signiﬁcantly lower with
SiO2 nanoﬂuid when compared to other nanoﬂuids.
Pak and Cho [5] determined viscosity and thermal conductivity
with 13 nm Al2O3 and 27 nm TiO2 nanoparticles dispersed in water
at different concentrations. They observed the inﬂuence of particle
size and nanoﬂuid concentration on enhancements in viscosity.
Turgut et al. [6] determined the viscosity of 21 nm TiO2 nano-
particles dispersed in deionized water for concentrations up to 3.0%
in the temperature range of 13e55 C. The nanoﬂuid thermal con-
ductivitywith 3.0% concentration at 13 C is 7.4% greater thanwater.
They observed an enhancement in viscosity with TiO2 nanoﬂuid is
greater than the enhancements in thermal conductivity. Subsequent
studies involving viscosity and thermal conductivity determination
by He et al. [7] decisively indicated that variations in thermal con-
ductivity of TiO2/water nanoﬂuid have a greater impact on heat
transfer coefﬁcient than changes in viscosity.
The parameters inﬂuencing nanoﬂuid heat transfer coefﬁcients
have been determined experimentally by He et al. [8]. They
observed an increase in the convective heat transfer coefﬁcients at
varying concentrations of TiO2 nanoﬂuid under laminar and tur-
bulent ﬂow conditions. They concluded that the inﬂuence of con-
centration on heat transfer coefﬁcient is signiﬁcant in the turbulent
than in the laminar region.
The variation of Nusselt with Reynolds number undertakenwith
15 nm TiO2 nanoparticles inwater for concentrations up to 2.0% has
been determined by Kayhani et al. [9]. An enhancement of 8.0% in
heat transfer coefﬁcient is observed at turbulent Reynolds number
of 11,800 with 2.0% nanoﬂuid concentration. Arani and Amani [10]
determined turbulent heat transfer coefﬁcients and pressure drop
with 30 nm TiO2/water nanoﬂuid with concentrations in the range
of 0.2%e2.0%, and Reynolds numbers between 8000 and 51,000.
The experimental results indicated a maximum thermal perfor-
mance factor of 1.8 at 2.0% concentration at a Reynolds number of
47,000. All these investigators observed heat transfer enhance-
ments with nanoﬂuid concentration.
A decrease in turbulent heat transfer coefﬁcients has been
observed by Duangthongsuk and Wongwises [11] with 27 nm TiO2
particles dispersed inwater. They observed heat transfer coefﬁcients
to increase with Reynolds number for concentration up to 1.0%. A
decrease in heat transfer coefﬁcients was observed at 2.0% concen-
tration, however the values are greater than the base liquid water.
The reasons for the decrease in heat transfer coefﬁcient are not
stated. The experimental observations of Pak and Cho [5] with 13 nm
Al2O3 nanoﬂuid also indicate a decrease in heat transfer coefﬁcient at
2.78% concentration. The experiments were undertaken by Refs.
[11,5] at 25 C. Studies by Azmi et al. [12] with SiO2 nanoﬂuid also
indicated a decrease in heat transfer coefﬁcient at an average tem-
perature of 30 Cwhen the concentrationwas enhanced to 3.0%with
nanoparticles of 22 nm size. Most of the studies undertaken with
TiO2 nanoﬂuid are limited to the determination of properties and
heat transfer coefﬁcients for ﬂow in a plain tube.
Modiﬁcation of ﬂowdynamics with the insertion of twisted tape
in a tube for ﬂow of nanoﬂuid in the transition range of Reynolds
number was undertaken by Sharma et al. [13]. The tape disrupts the
boundary layer formation and induces turbulence even at low ﬂow
rates which is a good strategy to achieve high heat transfer rates.
Sharma et al. [13] established that 0.1% Al2O3 nanoﬂuid ﬂowing in a
tube with a tape of twist ratio ﬁve, the heat transfer coefﬁcient
enhanced by 11.84% at Reynolds number of 3000 and 15.80% at
Reynolds number of 9000 compared to ﬂow in the tube withoutinserts. At the same nanoﬂuid concentration, twist ratio and for
Reynolds numbers of 3000 and 9000, the friction factors enhanced
by 3.32% and 16.65% respectively compared to ﬂow in a tube.
Further investigation for the determination of heat transfer co-
efﬁcients with a twisted tape insert in the turbulent range of Rey-
nolds number are due to Sundar and Sharma [14]. They observed
the enhancement in heat transfer coefﬁcient and friction factor to
be respectively 11.16% and 1.09 times compared to ﬂow in a tube
with 0.5% Al2O3 nanoﬂuid at Re ¼ 17,000 and twist ratio of 5.0.
Wongcharee and Eiamsa-ard [15] estimated heat transfer
enhancement for CuO nanoﬂuid ﬂow in a corrugated tube with
twisted tape insert. They reported an increase in convective heat
transfer coefﬁcient and friction factor undertaken in the Reynolds
number range of 6200e24,000 and concentration in the range of
0.3e0.7%. At 0.5% nanoﬂuid concentration, for H/D ¼ 5.3 and
Re ¼ 17,000, the heat transfer coefﬁcient increased by 46.0%,
whereas the friction factor is 3.46 times higher compared to ﬂow in
a tube. Studies involving altered ﬂow dynamics for heat transfer
enhancement with twisted tape inserts have not been reported
with TiO2 nanoﬂuid.
Experimental studies [13e15] were undertaken with Al2O3 and
CuO nanoﬂuids for a maximum concentration of 0.7% with twisted
tape inserts. Studies involving TiO2 nanoﬂuid for a wide range of
concentrations and twist ratios have not been reported till now.
Hence experiments are undertaken with TiO2 nanoﬂuid for volume
concentrations up to 3.0% in the turbulent range of Reynolds number.
It is intended to determine the effect of concentration on the
maximumheat transfer coefﬁcient forﬂow ina tube andwith twisted
tape insert. The experimental parameters that foster enhanced ther-
mal performance considering pressure drop of nanoﬂuid forﬂow in a
tube and with twisted tape insert is intended to be determined.2. Preparation of nanoﬂuid
TiO2 water based nanoﬂuid contains anatase TiO2 nanoparticles
with99%purityprocured fromUSResearchNanomaterials, Inc. is used
in the experiments after appropriate dilution. It was supplied with an
initial concentration of 40% by weight at a pH of 5.5. The nanoﬂuid
supplied in weight concentration u is converted to volume concen-
tration f with Eq. (1). In the calculations, the thermal conductivity,
density and speciﬁc heat of TiO2 nanoparticle are taken as 8.4W/m K,
4175 kg/m3 and 692 J/kg K respectively as given by Pak and Cho [5].
About15 Lof thenanoﬂuid is prepared to thedesired concentrationby
dilution for the conduct of heat transfer experiments. The volume of
distilledwaterDV to be added for attaining a desired concentration f2
is evaluated with Eq. (2) with the values of V1 and f1 known a priory.
For example, 3.3 L of TiO2 is dilutedwith11.7 L ofwater to attain 15 L of
nanoﬂuid for obtaining 3.0% volume concentration.
f ¼ urw
1 u
100

rp þ
u
100
rw
(1)
DV ¼ ðV2  V1Þ ¼ V1

f1
f2
 1

(2)
Nanoﬂuid in the concentration range of 0.5e3.0% is prepared in
this manner. They are subjected to mechanical and ultrasonic ho-
mogenization with NSB-Scientz-IID of 950 W maximum rating for
2 h at all concentrations and observed for dispersion stability. The
samples prepared in this manner are observed to be stable for more
than a week.
The thermo physical properties of nanoﬂuids such as thermal
conductivity and viscosity at each concentration are determined
respectively with KD2 Pro thermal property analyzer and
Table 1
The measured value of properties at 30 C.
Concentration, f Thermal conductivity
ratio, Kr
Absolute viscosity
ratio, mr
0.5 1.041 1.128
1 1.048 1.195
1.5 1.056 1.240
2 1.066 1.274
2.5 1.067 1.364
3 1.072 1.394
W.H. Azmi et al. / International Journal of Thermal Sciences 81 (2014) 84e9386Brookﬁeld LVDV-III Ultra Rheometer. The measured data of thermal
conductivity and viscosity ratios are presented in Table 1. The
description of KD2 Pro and Brookﬁeld Rheometer are respectively
presented byMintsa et al. [16] and Namburu et al. [17]. The KD2 Pro
uses transient line heat source tomeasure the thermal properties of
solids and liquids. It consists of a handheld controller (microcon-
troller and power control) and two different sensors each for
measuring the thermal conductivity of solids and liquids. The
apparatus meets the standards of both ASTM D5334 and IEEE 442-
1981. A Memmert water bath is used to maintain a constant tem-
perature within 0.1 C. The sensors are calibrated by determining
the thermal conductivity of distilled water and glycerin. In order to
ensure that measurement error lies within 5%, a minimum of ﬁve
measurements are taken at each concentration and temperature as
explained by Ding et al. [18] and He et al. [8]. The measured values
at 27 C are 0.610 and 0.280 W/mK respectively, for distilled water
and glycerin, which are in agreement with values of 0.613 andFig. 1. (a) Schematic diagram of the experiment0.285 W/mK, respectively as given by Cengel et al. [19], within 5%
accuracy. The sensor of the viscometer is calibrated with distilled
water. The measured value of viscosity for distilled water is 0.85 at
25 C agrees well with the standard value of 0.9 with6% accuracy.
Based on the agreement for water, nanoﬂuid properties are eval-
uated at different concentrations and temperatures. The density
and speciﬁc heat of nanoﬂuid are estimated based on mixture re-
lations given by
rnf ¼ frp þ ð1 fÞrw (3)
Cnf ¼
ð1 fÞðrCÞw þ fðrCÞp
ð1 fÞrw þ frp
(4)
3. Experimental apparatus
The schematic diagram of the experimental setup and the
twisted tape is shown in Fig. 1. The setup consists of a chiller, col-
lecting tank, water pump, ﬂow meter, pressure transducer, control
panel, and test section. A copper tube of 1.5 m length having
ID ¼ 16 mm and OD ¼ 19 mm enclosed with heaters and ceramic
ﬁber insulation constitute the test section. The twisted tapes are
manufactured with aluminum strips of 1 mm thick and 16 mm
wide as shown in Fig. 1(b). It was fabricated for different twist ratio
of 5, 10 and 15 with the width, H of 0.08 m, 0.16 m and 0.24 m
respectively. The heat conduction in the aluminum tape along its
length is assumed to be negligible.al setup. (b) Conﬁguration of twisted tape.
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rating to force the ﬂuid through the copper tube. The liquid is
stored in a collecting tank made of stainless steel of 30 L capacity.
Uniform heating of the 1.5m copper tube is achieved bywrapping it
with two nichrome heaters each of 1.5 kW maximum electric rat-
ing. The tube is enclosed in ceramic ﬁber insulation to minimize
heat loss to the atmosphere. K-type thermocouples are attached to
the test section at the inlet, outlet and on the surface at 0.25, 0.5,
0.75, 1.0 and 1.25 m from the inlet of the tube to record tempera-
tures at various locations. A ﬂowmeter capable of measuring in the
range of 5e16 LPM is connected to the test section. A chiller of
1.4 kW maximum capacity is connected to the collecting tank to
regulate the inlet temperature of the liquid to a set/desired value. A
pressure transducer connected across the test section records the
pressure drop. The total length of the ﬂuid ﬂow considering the
ﬂexible piping is approximately 4.0 m which ensures fully turbu-
lent ﬂow condition at the entry to the test section.
A constant value of 600 W is supplied by the heaters to the test
section. The chiller is adjusted to attain a liquid average tempera-
ture of 30 C in the test sectionwith a maximum variation of 1 C.
The outer surface temperature of the insulated test section is
monitored and observed to vary between 27 and 29 C. The heat
loss from the test section is estimated to be less than 1% of heat
input. Hence the heat loss to the atmosphere is neglected. A data
logger is connected to record the surface temperature of the copper
tube (test section) and the inlet and outlet temperatures of liquid
every ﬁve second to determine the state of the experiment. At
steady state, the temperatures, the ﬂow rate and the power input to
the heater are recorded. The uncertainties in the measuring in-
struments are given as Appendix 1.
Experiments are undertaken at different ﬂow rates to determine
the pressure drop and heat transfer coefﬁcients of nanoﬂuid for a
maximum concentration of 3.0%. The friction factor and heat
transfer coefﬁcients are estimated using Darcy pressure drop and
Newton’s law of cooling relations. Heat transfer coefﬁcients andFig. 2. TEM images of TiO2 nanoﬂuid with 140,000 magniﬁcation. (a) 1.0% before experime
3.0% before experiment. (f) 3.0% after experiment.friction factor are determined for water and TiO2/water nanoﬂuid at
various mass ﬂow rates in tube and with twisted tape insert. The
maximum and minimum error in the experimental data is pre-
sented as Appendix 2.
4. Results and discussion
4.1. Nanoﬂuid stability
The measurement of pH, electrical conductivity and images from
Transmission Electron Microscopy (TEM) were undertaken in order
to determine the condition of nanoﬂuid agglomeration, dispersion
and stability. The stability of nanoﬂuid is strongly inﬂuenced by the
pH value. Murshed et al. [20] stated that the solution chemistry of
TiO2/water based nanoﬂuid is neutral in nature. The initial pH value
of procured TiO2/water nanoﬂuid is 5.5. However, the pH varied
between 6.9 and 7.7 in the range of 0.5e3.0% volume concentration
prepared on dilution. The size, shape and stability of the nano-
particles can be observed from the TEM photographs presented as
Fig. 2aef taken before and after the conduct of experiment for three
different concentrations. The supplier speciﬁed the particle size to
vary between 30 and 50 nm. The surface area of the nanoparticles
from TEM images is used to determine the average size of the par-
ticle. The cross sectional area of nanoparticle was also determined
using Image Processing and Analysis in Java (Image J) software. The
average size of TiO2 nanoparticle suspension in water is determined
to be 50 nm. The shape of the particles is non-spherical and the
particles are dispersed without agglomeration. To further establish
the stability, the electrical conductivity of a sample nanoﬂuid is
determined. Sarojini et al. [21] stated that the stability of nanoﬂuid
depends critically on the surface charge of nanoparticles which is
related to electrical conductivity. The values of electrical conductivity
is measured before and after the conduct of experiment. A good
agreement of the values can be observed from Fig. 3 conﬁrming the
stability of the nanoﬂuid.nt. (b) 1.0% after experiment. (c) 2.0% before experiment. (d) 2.0% after experiment. (e)
W.H. Azmi et al. / International Journal of Thermal Sciences 81 (2014) 84e93884.2. Thermo-physical properties
Sharma et al. [22] developed equations for the estimation of
viscosity and thermal conductivity given by Eqs. (5) and (6)
respectively for water based nanoﬂuids, using the experimental
data of various investigators. The equations are valid for concen-
tration f  4%, liquid temperature Tnf  70 C of diameter
dp  170 nm. The equations have the ﬂexibility to estimate the
properties of metal and metal oxide nanoﬂuids dispersed in water.
They are given as:
mr ¼
mnf
mw
¼

1þ f
100
11:3
1þ Tnf
70
0:038
1þ dp
170
0:061
(5)
kr ¼ knfkw ¼0:8938

1þ f
100
1:37
1þ Tnf
70
0:2777


1þ dp
150
0:0336ap
aw
0:01737 (6)
The experimental values of viscosity and thermal conductivity
are in satisfactory agreement with values estimated with Eqs. (5)
and (6) and used in the analysis. The deviation between experi-
mental data and the values estimated with Eqs. (5) and (6) is less
than 1% and 5% respectively for thermal conductivity and viscosity.
4.3. Friction factor
The values recorded by the pressure transducer for ﬂow in a
tube and with twisted tape inserts are estimated with Darcy
equation given by
f ¼ 2DDP
rV
2
L
(7)
The experimental values of friction factor in the turbulent range
for ﬂow of water in the tube are compared with Blasius [23]
equation given by
f ¼ 0:3164
.
Re0:25 (8)
The friction factor for ﬂow over twisted tape inserts is compared
with the equation of Smithberg and Landis [24] given byFig. 3. Electrical conductivity of TiO2/water nanoﬂuid at 30 C.fSL ¼ 4

0:046þ 2:1

H  0:5
1:2	 Re n
(9)D 1þ 2=p
where n ¼ 0.2[1 þ 1.7(H/D)0.5].
The friction factor of water and TiO2 nanoﬂuid evaluated with
Eq. (7) for ﬂow in a tube and with twisted tape insert are shown
through Figs.4e6. The experimental values of friction factor with
Reynolds number for water in comparison with Eqs. (8) and (9) are
presented as Fig. 4 for ﬂow in a tube and with tape insert respec-
tively. The variation of friction factor with Reynolds number for H/
D ¼ 0 and 5 at different concentrations are shown as Fig. 5. The
values of nanoﬂuid friction factor are higher than those of water
and the values with twisted tape inserts are greater than ﬂow in a
tube. The friction factor increases with decrease in twist ratio for
water and nanoﬂuid.
An equation for the estimation of friction factor for ﬂow of water
and TiO2 nanoﬂuid over tape inserts is developed. The equation is
obtained with an average deviation of 5.0%, standard deviation of
5.7% and a maximum deviation of 16.4% given by
fnf
fSL
¼ 1:4

0:001þ f
100
0:05
(10)
valid in the range of 6800 < Re < 30000, 5.00  Pr  7.24, f  3%
and 5  (H/D)  15.
The variation of friction factor with Reynolds number for
nanoﬂuid at 1.0% concentration is shown in Fig. 6 at different twist
ratios. A good agreement of the experimental data with the lines
drawn with Eq. (10) is shown conﬁrming the validity of the equa-
tion developed.4.4. Heat transfer coefﬁcients in a tube with water
The energy supplied by the heater and that absorbed by the
liquid is validated with the aid of Eq. (11)
Q ¼ V  Iz _mCpðTe  TiÞ (11)
The difference between the electrical energy supplied and en-
ergy absorbed by the liquid is less than 2.0%. Neglecting the heat
loss to the atmosphere, the heat transfer coefﬁcients and the
Nusselt number are respectively estimated for water and nano-
ﬂuids with Eqs. (12) and (13).Fig. 4. Comparison of experimental values of friction factor of water with Smithberg
and Landis [24] Eq. (9).
Fig. 5. Experimental friction factor of nanoﬂuid with twisted tapes at H/D of 5.
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(12)
Nuexp ¼ hexpDk (13)
The equation of Dittus and Boelter [25] is widely used for the
estimation of Nusselt number of single phase ﬂuids for ﬂow in a
tube is given by:
Nu ¼ 0:023Re0:8Pr0:4 (14)
The Eq. (14) is valid for Re > 104 and 0.6 < Pr < 200. Further,
the equation of Gnielinski [26] for the estimation of Nusselt number
for ﬂow in a tube is given as:
Nu¼

f
8

ðRe1000ÞPr
1þ12:7

f
8
0:5
Pr2=31
where f ¼ ð0:79lnRe1:64Þ2
(15)Fig. 6. Comparison of experimental friction factor at 1.0% concentration with the
values evaluated from Eq. (10).which is valid in the range 2300 < Re < 5  106 and
0.5 < Pr < 2000.
The equation of Sarma et al. [27] applicable for ﬂow over twisted
tape inserts, valid in the range of 10,000 < Re < 1.3  105 and
3 < Pr < 5 is expressed as
Nu ¼ 0:1012

1þ D
H
2:065
Re0:67Pr1=3 (16)
The equation of Manglik and Bergles [28] valid in the range of
Re  10,000, Pr ¼ 5.2(water) and 3 < H/D < 6 is given by
Nu ¼ 0:023Re0:8Pr0:4

1þ 0:7692D
H

f2 (17)
where, f2 ¼ ½p=ðp 4d=DÞ0:8½ðpþ 2 2d=DÞ=ðp 4d=DÞ0:2
Eqs. (12) and (13) are used in the estimation of heat transfer
coefﬁcient and Nusselt number of water and nanoﬂuids respec-
tively for ﬂow in a tube and with inserts. Experiments are under-
takenwith twist ratios of 5, 10 and 15 at different mass ﬂow rates of
water. Fig. 7 shows the comparison of the experimental Nusselt
number with the equations of Sarma et al. [27] and Manglik and
Bergles [28] for water. A satisfactory agreement of the experimental
data of water with Eqs. (16) and (17) conﬁrms the validity of the
measurements. As the reliability and accuracy of the experimental
datawith water established, experiments are undertakenwith TiO2
nanoﬂuid to determine the convective heat transfer coefﬁcients.4.5. Inﬂuence of concentration on heat transfer coefﬁcient
Experimental correlations for Nusselt number developed by Pak
and Cho [5] and Duangthongsuk and Wongwises [11] are respec-
tively presented with Eqs. (18) and (19), for ﬂow of TiO2/water
nanoﬂuid in a tube under turbulent ﬂow conditions. The equations
are:
Nunf ¼ 0:021Re0:8nf Pr0:5nf (18)
valid in the range of 0e3.0 vol.%, 10,000 < Re < 105 and
6.54 < Pr < 12.33.
Nunf ¼ 0:074Re0:707nf Pr0:385nf f0:074 (19)
valid in the range of 0e1.0% concentration and 3000 < Re< 18,000.
The data from the present experimental setup is in good agreement
with the Eqs. (18) and (19) for 1.0% concentration shown in Fig. 8.
The experimental heat transfer coefﬁcients for ﬂow of TiO2/water
nanoﬂuid in a tube at various concentrations estimated with Eq. (12)
is shown plotted in Fig. 9. It can be observed that the heat transfer
coefﬁcient increases with Reynolds number for volume concentra-
tions up to 1.0%. The enhancement in heat transfer coefﬁcient at 1.0%
volume concentration is 23% as shown in Table 2 in the range of
Reynolds number tested. At 1.5% concentration, the heat transfer
coefﬁcients are lower than those obtained at 1.0%. Further increase in
concentration to 2.5% decreased the heat transfer coefﬁcient values
to those of water. The values of heat transfer coefﬁcient are lower
than water at 3.0% volume concentration.
Similar observation of decrease in Nusselt numbers with in-
crease in concentration of TiO2 nanoﬂuid is observed by
Duangthongsuk and Wongwises [11]. They observed an increase in
Nusselt number up to 1.0% concentration with enhancement
ranging between 20% and 32%. The Nusselt number decreased with
further increase in concentration. They observed the heat transfer
coefﬁcient at 25 C for 2.0% volume concentration to be approxi-
mately 14% lower than water under similar operating conditions.
Fig. 7. Comparison of experimental values of twisted tape Nusselt numbers for water
with other equations in literature.
Fig. 9. Variation of TiO2 nanoﬂuid heat transfer coefﬁcient with Reynolds number for
ﬂow in a tube and with twisted tape at various concentration.
Table 2
Advantage ratio for ﬂow in a tube and with twisted tape insert at maximum heat
transfer coefﬁcient.
Twist
ratio H/D
Concentration, f Heat transfer
enhancement
Pressure drop
enhancement
Re AR
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Further experiments are undertaken with nanoﬂuids at various
twist ratios and ﬂow rates for the determination of heat transfer
coefﬁcients and friction factor. The heat transfer coefﬁcient of water
and nanoﬂuid is shown in Fig. 9 for twist ratio of 5. Fig. 9 indicates
greater values of heat transfer coefﬁcients with twisted tape insert
compared to values for ﬂow in a tube. The heat transfer coefﬁcient
increases with Reynolds number and decreases with twist ratio.
The effect of twist ratio on the Nusselt number is shown in Fig. 10
for 1.0% and 3.0% volume concentrations. It can be observed that
Nusselt number decreases with an increase in twist ratio at both
concentrations. The values of Nusselt number at 1.0% concentration
are greater than the values at 3.0% for the same twist ratio.
A generalized regression equation for the estimation of Nusselt
number of water and TiO2/water nanoﬂuid in a tube with twisted
tape insert is developed. The equation is applicable for nanoﬂuid up
to 3.0% volume concentration. The equation is obtained with 321
data points with an average deviation of 4.5%, standard deviation of
5.7% and maximum deviation of 13.5% given byFig. 8. Comparison of experimental values of Nusselt number with other equations in
literature for ﬂow in a tube.Nunf ¼
hnfD ¼ 0:27Re0:693Pr0:3nf

1þ D
1:3
(20)knf H
The Nusselt number estimated with Eq. (20) is in good agree-
ment with the experimental data as shown in Fig. 11, thus vali-
dating the equation proposed.
The concentration at which the nanoﬂuid is advantageous from
the point of view of combined heat transfer and pressure drop is
determined with Advantage Ratio, AR. Advantage Ratio of a nano-
ﬂuid ﬂow in a plain tube ARPT, is the ratio of enhancement in heat
transfer coefﬁcient to pressure drop compared to values obtained
with base liquid water. In the case of ﬂowwith insert, the Advantage
Ratio ARTT is the enhancement obtainedwith a twisted tape insert in
comparison to ﬂow of water in the tube. The equations are given as0 0.0 e e e e
0.5 0.10 0.05 25,122 1.74
1.0 0.23 0.12 23,917 1.88
1.5 0.04 0.19 22,883 0.20
2.0 0.03 0.24 22,463 0.12
2.5 0.02 0.34 21,057 0.05
3.0 0.01 0.44 20,626 0.02
5 0.0 0.51 1.27 29,075 0.40
0.5 0.69 1.47 24,595 0.47
1.0 0.81 1.67 23,558 0.48
1.5 0.74 1.62 22,469 0.46
2.0 0.68 1.64 22,127 0.41
2.5 0.64 1.98 20,824 0.32
3.0 0.66 2.01 20,328 0.33
10 0.0 0.39 0.67 29,209 0.59
0.5 0.62 0.90 24,682 0.69
1.0 0.66 0.93 23,698 0.71
1.5 0.45 1.02 22,694 0.44
2.0 0.60 1.06 22,321 0.56
2.5 0.58 1.25 20,933 0.46
3.0 0.53 1.39 20,456 0.38
15 0.0 0.33 0.43 29,307 0.76
0.5 0.50 0.59 24,829 0.85
1.0 0.55 0.61 23,821 0.90
1.5 0.39 0.72 22,856 0.54
2.0 0.51 0.74 22,887 0.68
2.5 0.31 0.93 21,057 0.33
3.0 0.46 1.21 20,553 0.38
Fig. 10. Effect of H/D ratio on experimental Nusselt numbers at 1.0% and 3.0%
concentration.
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pressure drop enhancement ratio
(21)
Plain Tube Advantage Ratio; ARPT
¼
 
hPTðnfÞ  hPTðwÞ
hPTðwÞ
!
 
DPPTðnfÞ  DPPTðwÞ
DPPTðwÞ
!
(22)
Twisted Tape Advantage Ratio; ARTT
¼
 
hTTðnfÞ  hPTðwÞ
hPTðwÞ
!
 
DPTTðnfÞ  DPPTðwÞ
DPPTðwÞ
!
(23)
The values of advantage ratio ARPT and ARTT estimated respec-
tively with Eqs. (22) and (23) at maximum values of heat transfer
coefﬁcient are given in Table 2 at different concentrations and twist
ratios.Fig. 11. Validation of experimental data with Eq. (20).5. Conclusions
Experiments are undertaken with TiO2 for ﬂow of nanoﬂuid in a
tube and with tape inserts for the determination of heat transfer co-
efﬁcients and friction factor in the turbulent range of Reynolds
numbers. The nanoﬂuid heat transfer coefﬁcients in the Reynolds
number range of 8000 and 30,000 increased with volume concen-
tration up to 1.0% and decreased at higher concentrations for ﬂow in a
tube. The maximum enhancement in heat transfer coefﬁcient at 1.0%
volume concentration is 23.2% at the Reynolds number of 23,917 for
ﬂow in a tube. The increase in friction factor is 5% under similar
operating conditions. For ﬂow over tape insert of twist ratio 5, the
maximumenhancement inheat transfer coefﬁcient is 81.1% compared
to water and 48.1% with nanoﬂuid at 1.0% concentration. The nano-
ﬂuid friction factorwith twist ratio of 5 is greater than twice the value
obtained forﬂowofwater in a tubeatRe¼ 23,558. SundarandSharma
[14] observed the friction factor with Al2O3 nanoﬂuid of 0.5% volume
concentration and twist ratio ﬁve to be 1.096 times greater compared
to ﬂowofwater in a tube. However,Wongcharee and Eiamsa-ard [15]
reported the heat transfer enhancement of 44.9%with CuO nanoﬂuid
at 0.7% concentration and Re ¼ 23,200 for ﬂow in a corrugated tube
with twisted tape insert ofH/D¼ 5.3;whereas the friction factor is 3.8
times greater compared to ﬂow of nanoﬂuid in the tube.
A comparison of heat transfer enhancements forﬂowof nanoﬂuid
in a tube with twisted tape insert is made considering pressure drop
with Advantage Ratio AR. ThemaximumARPTof 1.88 is obtainedwith
1.0% concentration at the operating temperature of 30 C for ﬂow of
TiO2 nanoﬂuid in a tube. However, with tape insert of twist ratio 15
under similarconditionsof concentrationandoperating temperature,
the maximum AR value obtained is 0.90. For ﬂow with twisted tape
inserts, theAR increaseswith twist ratio forbothwater andnanoﬂuid.
Hence, from the values of Advantage Ratio estimated, it is preferable
to have the ﬂow of TiO2 nanoﬂuid at 1.0% concentration in a tube.
However, at the same concentration with tape insert of twist ratio 5,
the maximum enhancement in heat transfer coefﬁcient is 81%.
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Nomenclature
A area, m2
AR advantage ratio
C speciﬁc heat, J/kg K
dp diameter of nanoparticle, nm
D tube inner diameter, m
f Darcy friction factor, ððD=LÞðDPÞ=ðrV2=2ÞÞ
fSL Smithberg and Landis friction factor
H helical pitch of the twisted tape for 180 rotation, m
h heat transfer coefﬁcient, W/m2 K
ID inner diameter, m
k thermal conductivity, W/m K
kr thermal conductivity ratio of nanoﬂuid to water, (knf/kw)
L tube length, m
LPM liter per minute
Nu Nusselt number, (hD/k)
OD outer diameter, m
Pr Prandtl number, (mC/k)
Q heat input, W
Re Reynolds number, ðrVD=mÞ
T temperature, C
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TEM transmission electron microscopy
V1 initial volume, L
V2 ﬁnal volume, L
V average velocity, m/sGreek symbols
a thermal diffusivity, m2/s
d thickness of strip, m
DP pressure drop, Pa
DV volume of distilled water for dilution, L
f volume concentration, %
f1 initial volume concentration, %
f2 ﬁnal volume concentration, %
4 volume fraction, 4 ¼ (f/100)
m absolute viscosity, kg/m sAppendix 1. Uncertainties of instruments.
No. Name of instrument Range of instrument Variable measured
1 Thermocouple 0e300 C Bulk temperature, Tb
2 Thermocouple 0e300 C Average surface
temperature, Tw
3 Flowmeter 2e30 LPM Volume ﬂow rate, _V
Velocity, V
4 Voltage 0e240 V Voltage, V
5 Current 0e15 A Current, I
6 Pressure transducer 0e16.2 mV Voltage, mV
0e6894.8 Pa (0e1 Psi) Pressure Drop, DP
Appendix 2. Uncertainty of physical quantities.
No. Heat transfer and friction parameter Maximum unce
1 Reynolds number, Re
Re ¼ rVDm
URe
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¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ur
r
2s
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð0:1Þ2 þ
q
¼ 2:0050%
2 Heat ﬂux, q
q ¼ Q/A ¼ VI/pDL Uq
q
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
UV
V
2s
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð0:0090
q
¼ 0:18371%
3 Heat transfer coefﬁcient, h
h ¼ q/(Tw  Tb) Uhh ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Uq
q
2 þ
s
UðTwTbÞ
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ð
q
¼ 0:8
Uh
h
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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¼ 0:91522%
4 Nusselt number, Nu
Nu ¼ hD/k UNu
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5 Friction factor, f
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6 Thermo physical properties 0.1mr ratio of nanoﬂuid to water viscosity, (mnf/mw)
r density, kg/m3
u weight concentration, %Subscripts
b average
e exit
exp experiment
i inlet
nf nanoﬂuid
p particle
PT plain tube
r ratio
s surface
TT twisted tape
w waterLeast division in
measuring instrument
Values measured in
experiment
% uncertainty
Min Max Max Min
UT ¼ 0:1 C
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